The threat of antibiotic resistant bacteria has called for alternative antimicrobial strategies 23 that would mitigate the increase of classical resistance mechanism. Many bacteria employ 24 quorum sensing (QS) to govern the production of virulence genes and formation of drug-25 rhl system. Our findings provided a potential application strategy for bacterial QS 33 disruption. 34
resistance biofilms. Blocking QS mechanisms have proven to be a functional alternative 26 to conventional antibiotic control of infections. The concepts of quorum sensing 27 inhibitors (QSI) and quorum quenching enzymes (QQ) have been investigated separately. 28
In this study however, we simulated the synergistic effect of QQ and QSI in blocking 29 bacterial QS. This effect was validated by experiments using AiiA and G1 as QQ and 30 QSI respectively on Pseudomonas aeruginosa LasR/I and RhlR/I QS circuits. The 31 combination of a QQ and a QSI almost completely blocked the P. aeruginosa QS las and 32 Introduction 35 The emerging threat of antibiotic resistant bacterial pathogens has called for alternative 36 strategies that could minimize the development of resistance mechanism. One such 37 strategy is to interfere with the signaling pathways governing the social behaviors 1 . 38
Microbial organisms exhibit social behaviors and communicate with each other through 39 quorum sensing (QS) 2-4 . By synthesizing small signal molecules, they respond 40 collectively to regulate expression of virulence factors , biofilm development, secondary 41 metabolite production, interactions with host and other microbes in a population-density 42 manner 5 . As QS is involved in bacterial behaviors in particular those causing diseases, 43
targeting QS mechanisms has been put forward as an attractive approach to conventional 44 infection control 1 . 45
Acylhomoserine lactone (AHL)-based QS signals are found in more than 70 bacterial 46 species, in which many of them are pathogens 3,6 . In most cases, the structures of the 47
AHLs are conserved with a homoserine lactone (HSL) ring connected to an acyl group 48 with different chain length (n = 4-16) 5, 7 . There are two AHL-mediated QS systems in the 49 opportunistic pathogen Pseudomonas aeruginosa, which comprise the Lux homologues 50
LasRI and RhlRI, respectively. LasRI and RhlRI function in the hierarchical manner in 51 controlling the gene expression. LasI and RhlI are responsible for the synthesis of N-(3-52 oxododecanoyl) homoserine lactone (3-oxo-C12-HSL) and N-butanoylhomoserine 53 lactone (C4-HSL) respectively, while the LasR and RhlR function as receptors for 3-oxo-54 C12-HSL and C4-HSL and subsequently activate gene expression of QS target genes [8] [9] [10] . 55
On top of that, there is also third signaling molecule, "pseudomonas quinolone signal" 56 (PQS) which intertwined between the las and rhl systems 11 . QS defective P. aeruginosa 57 mutants have much reduced virulence as compared to the wild-type strain and unable to 58 establish infections in several animal models 1, 12, 13 . 59
The concept of QS disruption encompasses not just medicine and healthcare settings, 60 but also membrane bioreactor, aquaculture and crop production 5,14 . It could be achieved 61 by interfering with the QS signaling pathways (signal generator or receptor), or 62 intercepting with the signal molecules (AHL) [15] [16] [17] . Enzymes that inactivate QS signals are 63 called quorum quenchers (QQ), while chemicals that disrupt the QS pathways and reduce 64 the expression of QS-controlled genes are called quorum sensing inhibitors (QSI) 5 . The 65
first study on how quorum quenching enzyme could be used to control bacterial 66 infections was demonstrated by Dong et al. 18 . The enzyme encoded by aiiA gene isolated 67 from Gram-positive Bacillus species is capable of inactivating AHL signals through 68 hydrolysis of the ester bond of the homoserine lactone ring and quench the QS signaling. 69
It was proposed that the AHL-lactonase (AiiA) paralyses the QS signals and virulence 70 factors production, hence allows the host defense mechanisms to halt and clear the 71 bacterial infection 19 . 72
Mathematical modeling has been a useful tool to answer basic and conceptual research 73 questions. In the last decade, mathematical modeling of QS has provided understanding 74
to key components of the QS networks 20 . It has been used to examine P. aeruginosa 75 LasR/I circuit and predict the biochemical switch between two steady states of system 76 (low and high levels of signal perception) and QS response to colony size and cell 77 density 21 autoinducer turning on threshold of single cell but slows down the population level QS 85 induction 24 . Altogether, the models developed in these studies provide basic 86 understanding of QS networks utilizing LuxIR regulatory system and its homologues, 87 which are identified in many Gram-negative bacteria 25, 26 . 88
In this study, we explored the concept of combining a QQ enzyme and a QSI 89 compound to disrupt AHL signaling and signal reception capacities, and reduce the 90 pathogenicity of P. aeruginosa. The QS network in P. aeruginosa is highly adaptable and 91 capable of responding to the environmental stress conditions 27,28 , hence combinational 92 therapy could provide multiple points of attack to increase bacteria coverage 29 . The two 93 classes of QS disrupting agents have been studied independently, each with their own 94 advantages and drawbacks. Small molecules as QSIs have well-known chemical 95 structures, which in turn would allow structural activity and relationship (SAR) study and 96 biological activities modification (ie. pharmacodynamics and pharmacokinetics 97 properties). The molecules can also diffuse into the cells and target the receptors, in 98 contrast to QQ enzymes that act extracellularly to degrade AHLs 30 . Because of their 99 distinct molecular structures and functional mechanisms, it would be interesting to 100 explore the possible synergistic effect of a QQ enzyme and a QSI molecule. 101
Results

102
Mathematical modeling shows synergistic effects between QQ enzyme and QSI on 103
LasR/I circuit. In our study, we chose QQ enzyme AiiA in combination with G1, a small 104 molecule of QSI which binds to LasR and RhlR 31 as our models. When only a QQ 105 enzyme (AiiA) was present, simulation results showed a distinct on and off states ( Fig.  106 1A). η(QQ) represents the AHL degradation rate by the QQ enzyme. When the QQ 107 enzyme concentration is low and η(QQ) is small, the stationary AHL concentration is 108 high. However, when η(QQ) exceeds a threshold (2.8 × 10 −4 −1 ), the stationary AHL 109 concentration suddenly decreases to an insignificant value. Similar switching behaviors 110 have been observed in the simulation response curves of QS components to population 111 size 32 , cell volume fraction 21 , or to external AHL concentration 33 . Switching behaviors of 112 QS networks have also been observed experimentally at individual cell level 34, 35 . 113
When only the QSI was present, similar switching behavior was observed and shown in 114 3D plot of stationary AHL to η(QQ) and QSI is shown in Fig. 2A . A clear boundary 124 between QS on and off states was observed, which is shown in 3B. This boundary curve 125 is "U"-shaped which means QQ and QSI have a synergistic effect in inhibiting QS 37 . 126 η(QQ) is assumed to be proportional to QQ in this simulation. However, if another 127 enzymatic dynamics such as a Michaelis-Menten equation 38 were used, η ′ (QQ) > 0 and 128 η ′′ (QQ) ≤ 0 are satisfied. If we change the η(QQ) axis to QQ in Fig. 2B , the curve will 129 still be "U"-shaped and the conclusions of the simulation will remain the same. 130
Synergistic effects on QS bioreporter strains. To validate the mathematical modeling 131
results, the synergistic effects of AiiA enzyme and G1 were tested using the P. combined with 32 µg/mL of AiiA was 6.98±1.98 nM and 58.65±19 nM with 16 µg/mL 147 of AiiA. The lasB-gfp readings were much lower in the combination treatment as 148 compared to single treatments (Fig. 3) . 149
Next, we investigated if the synergistic effect would also affect the PQS system, the 150 third intercellular signaling mechanism of P. aeruginosa that regulates numerous 151 virulence factors, including those involved in iron scavenging and apoptosis of host 152 cells 41,42 . PQS is under positive regulation of LasR and negative regulation of RhlR 41, 43 . 153 PQS has also been detected in the lung of cystic fibrosis patients 44 and reported to 154 suppress host innate immune responses through nuclear factor-B pathway 45 . 155
For this experiment, we tested the compounds against pqsA-gfp reporter fusion. The 156 biosynthesis of PQS and other classes of alkyl quinolones requires genes encoded by the 157 pqsABCDE and phnAB operons 46 . Interestingly, the AiiA didn't show much inhibition 158 effects on pqsA-gfp with IC 50 values calculated to be 15.58±0.17 µM. Combination 159 treatment between G1 and AiiA significantly reduced the pqsA-gfp expression to IC 50 160 values of 0.63±0.06 µM (Fig. 4) . 161 G1 has different affinity to the LasR and RhlR proteins. We next examined the 162 synergistic effects on the rhl system, which regulates many QS-dependent virulence 163 factors once activated upon formation of RhlR-C4-HSL 10,47 . The AiiA has been 164 experimentally shown to degrade C4-HSL 48 . Our previous experiments also showed that 165 G1 was able to inhibit rhl system more effectively in P. aeruginosa lasR mutant but not 166
the rhl system in the PAO1 wildtype 31 . We thus hypothesized that G1 has different 167 binding affinity to LasR than RhlR in the PAO1 wildtype and its intracellular 168 concentration is not high enough to repress both LasR and RhlR simultaneously. 169
To test this hypothesis, we examined the competitive binding efficacy of G1 with 3-170 oxo-C12-HSL and C4-HSL using a QS deficient P. aeruginosa ΔlasIΔrhlI double mutant 171 which can respond to the addition of exogenous AHLs (3-oxo-C12-HSL and C4-HSL 172 respectively). In this setting, only one QS system is activated at one time. The reporter 173 strains showed dose-dependent curves when supplemented with different concentration 174 of 3-oxo-C12-HSL and C4-HSL ( Fig. 5A and 5C ). When 50 µM of G1 was added 175 together with 3-oxo-C12-HSL, we only observed reduction in lasB-gfp as compared to 176 the control when concentration of 3-oxo-C12-HSL is below 1.25 µM. However, G1 was 177 able to reduce rhlA-gfp expression with all the tested C4-HSL concentrations (up to 10 178 µM) ( Fig. 5B and 5D ). Thus we suggest that G1 has a higher affinity to the RhlR than the 179
LasR. However because most of the intracellular G1 was consumed due to LasR 180 abundance, hence its effect to inhibit rhl QS in the PAO1 wildtype was abolished due to 181 the earlier induction of las QS than the rhl QS during growth. 182
AiiA enhances inhibition of G1 on rhl QS system in P. aeruginosa. Since AiiA has a 183 strong synergy with G1 in inhibiting las system, we hypothesized that AiiA is able to 184 have a synergistic effect with G1 in inhibiting the rhl system due to the fact that low 185 abundance of LasR protein will 'consume' less amounts of G1 in the presence of AiiA, 186 hence more G1 molecules could bind with RhlR. For this experiment, we used PAO1-187 rhlA-gfp bioreporter strain to study the synergistic effects of both compounds. The rhlA is 188 the first gene of the rhlAB operon that codes for the rhamnolipid biosynthesis 47 . We 189 observed similar findings where the rhlA-gfp activity was highly suppressed in the 190 combination treatment ( Fig. 6A-C) . IC 50 values calculated for the combination treatment In the rhamnolipid assay, overnight culture of PAO1 was adjusted to OD 600 0.01 and 202 grown in the presence of AiiA, G1 and combination of AiiA and G1 for 18 hours. The 203 rhamnolipid was then extracted and quantified using the orcinol assay 53 . Treatment with 204
AiiA alone didn't fully decrease rhamnolipid production. However, when combined with 205 G1, the rhamnolipid production was almost diminished to similar level of QS defective 206
ΔlasIΔrhlI mutant (Fig. 6D ). The findings correlate well with the results obtained from 207 inhibition of rhlA-gfp bioreporter strain. The experimental results showed promising 208 application of QQ and QSI in reducing virulence factors associated with host infection. 209
210
Discussion
211
Over the years, the emergence of multidrug-resistant bacteria and shortage of new 212 antibiotics have been seen as critical issues and greatest threat to human health. 213
Antivirulence approach has been long considered as alternatives in controlling the 214 pathogenicity and reducing the resistance development 1 . In this study, we first reported 215 the synergistic activities of quorum quenching (QQ) enzyme and quorum sensing (QS) 216 inhibitors in inhibiting P. aeruginosa LasR/I circuit, one of the important QS regulators. 217
The two classes of compounds intercept QS in different mechanisms, and thus it is 218 interesting to study the synergistic effects. Here, we use mathematical modeling of P. 219 aeruginosa LasR/I QS network in batch culture to study whether QQ and QSI have 220 synergistic, antagonist, or additive effects in quenching QS. 221
Simulation results show that very large η(QQ) or QSI concentration was needed to 222 inhibit QS. When combined, we observed strong synergistic effects between QQ and 223
QSI. Interestingly, switching of QS circuit in the simulations was not observed in 224
experiments. This might be due to simplification of the mathematical model, which 225 assumes every cell is homogeneous and synchronized. In the single-cell study of QS 226 signaling in V. fischeri, switching behaviour was observed while tracking single cells but 227 the population level fluorescence was a graded response 34 . This could also be the case of 228 lactose utilization network, where switching was observed in single cell but not at 229 population level 54 . 230
The experimental results showed promising application of QQ and QSI based on 231 different bioreporter assays. The AHL-dependent QS system has been an attractive target 232 to control bacterial pathogenicity as it controls wide range of virulence gene expression. 233
The AiiA enzyme has been reported to show high specificity and preference towards 234 different signal molecules (acyl chain length and substitution) 48 and demonstrated to 235 reduce the concentration of 3-oxo-C12-HSL based on our HPLC analysis (Supplementary 236 Figure S2 ). In some cases, the degradation of QS signal alone is not sufficient to 237 completely diminish and block the QS activities 30 . AiiA could abolish and effectively 238 quench the AHL signal molecules, however it was surprising to see its much lesser effect 239 on the PQS system, which was also under las regulation. Combination treatment with G1 240 resulted in significant reduction of lasB, pqsA, and rhlA-gfp expression as compared to 241 single treatment of both AiiA and G1. Our work demonstrated that combining two classes 242 of QSI and QQ could provide multiple points of attacks and efficient blockade of QS-243 mediated signaling pathways. 244
Although LasR regulator has long been considered essential for full virulence of P. 245 aeruginosa 55 , loss of function lasR mutants occur frequently in the natural environment 56 246 and also cystis fibrosis patients 57 and individuals suffering from pneumonia and wound 247 infections 58 . In the lasR mutants, the QS-regulated virulence factors continue to be 248
expressed. There has also been reports that the rhl system could override the hierarchy of 249 QS network in a non-functional las system 59 . Recent studies also showed that RhlR plays 250 critical roles as QS regulator using Drosophila melanogaster oral infection model 60 and 251 controls pathogenesis and biofilm development 61 . 252
In our previous study, G1 has been shown to interact and compete with AHL to inhibit 253 LasR in P. aeruginosa 31 . In P. aeruginosa PAO1 strain, where both las and rhl circuits 254 exist, G1 could only inhibit las system but cannot inhibit rhl system. However, when 255 lasR was mutated, G1 can effectively inhibit rhl system. In our competitive binding assay 256
using bioreporter strains, we demonstrated that QSIs might have different affinity to the 257
QS receptor proteins. G1 can inhibit lasB-gfp expression only when concentration of 3-258
oxo-C12-HSL is smaller than 1.25 µM. However, the inhibition effect of G1 to rhlA-gfp 259 was still significant even when the concentration of C4-HSL is 10 µM. We also observed 260 the transcription rates of las system is activated first than that of rhl. The results explain 261 that despite of its higher binding affinity to RhlR, G1 would still bind to LasR because 262 the las system is activated first in PAO1. But in the case of lasR mutant, G1 has higher 263 competitiveness to C4-BHL and could inhibit rhl system effectively. 264
The results also suggested why AiiA could enhance the inhibition effects of G1 on rhl 265 system, as shown by our experimental data. Assuming intracellular concentration of G1 is 266 constant, G1 would have to competitively bind to both LasR and RhlR. In this case, 267 addition of AiiA to quench both 3-oxo-C12-HSL and C4-HSL resulted in lower 268 abundance of LasR and therefore G1 can specifically bind to inhibit RhlR. Thus 269 combination of QQ and QSIs might not only enhanced the efficacy of QSIs, but also 270 expand the targeting systems of QSIs as many bacteria have more than one lux QS 271
systems. 272
In conclusion, the synergistic effects of QQ enzyme and QSI compound have been 273 demonstrated in vitro in this study. Mathematical modeling showed enhanced QS 274 inhibiting effects on AHL concentration when QQ enzyme (AiiA) and QSI (G1) were 275 applied together. We have also provided better understanding and elucidated QS network 276 interaction with G1 in this work. The implication of our study represents a novel 277 approach of utilizing QS-interfering compounds to impede virulence and block 278 pathogenesis. Future work is aiming to evaluate the effectiveness of the combined 279 treatments in vivo. 280 281
Materials and Methods
282
General information. All chemicals were purchased from Sigma Aldrich and used 283 without further purification. G1 was purchased from TimTec LLC (Newark, DE). 284
Bacteria were grown in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, and 285 0.5% NaCl). Media used for biological assay was ABTGC (AB minimal medium 286 supplemented with 0.2% glucose and 0.2% casamino acids) 62 . Bacterial strains used in 287 this study are shown in Table 1 . Tris-HCl, pH 8.0, 150 mM NaCl, 0.05% (v/v) CHAPS, 10 % (v/v) glycerol) and lysed by 297 passing the homogenized cells through an Emulsiflex-C3 (Avestin, USA) high-pressure 298 apparatus at 15,000 psi three times. The cell lysate was centrifuged at 25,000 g for 25 299 min. The supernatant was then applied to Ni-NTA gravity column (Bio-rad) equilibrated 300 with lysis buffer. After extensive washing with lysis buffer, the bound proteins were 301 eluted with lysis buffer containing increasing concentration of imidazole (0 -300 mM). Table  340 S1) 34, 35 . The organic fractions were collected and concentrated to give white solids, which were 362 further dissolved in water. 0.19% (w/v) orcinol in 50% H 2 SO 4 was freshly prepared and 363 added into the water solution. It was then heated at 80°C for 20-30 min to give yellow-364 orange solution. The solution was allowed to cool at room temperature before measuring 365 the absorbance at 421 nm. The results were normalized with cell density at OD 600 . 366
Experiments were done in triplicate manner. Dashed lines indicate the reactants still remains after the reactions and solid lines indicate 609 the reactants will disappear after the reactions. 610 611 612
